Spontaneous resistance is generally thought to occur within weed populations as a consequence of the intense selective pressure exerted by a lack of diversity in weed management practices (Gressel and Segel, 1978). Factors such as extended residual soil activity, lack of rotation to other herbicidal modes of action, and specific managerial practices further discriminate between resistant and susceptible individuals within a population (Powles and Holtum, 1994) . In addition, the rate and severity at which resistant weed infestations occur is influenced by genetic and ecophysiological determinants such as the mode of inheritance of a given resistance mechanism, the absence or presence of fitness penalties associated with resistance, as well as the reproductive habit of a given weed species (Gressel and Segel, 1978; Jasieniuk et al., 1996; Gardner et al., 1998). To date, there exist more than 249 herbicide-resistant weed biotypes distributed among 52 different countries, involving at least 17 different herbicide modes of action (Heap, 2001) .
Goosegrass (Eleusine indica) is an annual, selfpollinating, diploid grass species of undetermined origin possessing a relatively small genome size of approximately 8.03 x 108 bp (Ganeshaiah and Umashaanker, 1982; Mysore and Baird, 1997). The species' habitat is wide-ranging and includes south Asia, eastern and southern Africa, and North America. Although goosegrass is used as animal feed and a source of grain in some regions, it is considered one of the five "world's worst weeds" and has been reported to be a problem weed in 46 different crop species in more than 60 countries (Holm et al., 1977) . Compounding this problem is the fact that the species has demonstrated the capacity to evolve resistance against dinitroanilines, acetohydroxyacid synthase inhibitors such as imazapyr, and acetyl-CoA carboxylase inhibitors such as fluazifop, all important herbicides for maintaining its control within crops (Mudge et al., 1984; Marshall et al., 1994; Heap, 1997) .
Glyphosate [N-(phosphonomethyl) Gly] is the active ingredient of the most extensively used foliarapplied, broad-spectrum herbicide, Roundup (Malik et al., 1989) . This herbicide has demonstrated efficacy against the majority of annual and perennial grasses and broad-leaved weeds (Bradshaw et al., 1997). The primary mode of action in planta for glyphosate is competitive inhibition of the enzyme 5-enolpyruvylshikimate-3-phosphate synthase (EPSPS; E.C. 2.5.1.19), which catalyzes the penultimate step of the prechorismate part of the plastid-localized shikimate pathway (Steinrticken and Amrhein, 1980; Franz et al., 1997; Gruys and Sikorski, 1999). In plants, as much as 20% of all fixed carbon flows through the shikimate pathway leading to the formation of the aromatic amino acids Tyr, Phe, and Trp, as well as tetrahydrofolate, ubiquinone, and vitamins K and E (Haslam, 1993; Franz et al., 1997). The aromatic amino acids, in turn, serve as precursors for an array of secondary metabolites including lignin, flavonoids, and alkaloids (Herrmann, 1995) . The shikimate pathway occurs exclusively in plants and microorganisms, and this, coupled with the specificity of glyphosate as an inhibitor of EPSPS, contributes in large part to glyphosate's lack of toxicity to animals.
Evaluation of resistance risk criteria along with current and historical use data have led to the suggestion that glyphosate is a herbicide at low risk for the evolution of weed resistance (e. In this paper, we examine and compare expression levels, sensitivity to glyphosate, as well as describe cloning experiments and kinetic analysis for the herbicide target site, EPSPS, in glyphosate-resistant and -sensitive goosegrass biotypes collected in Malaysia. We have obtained evidence that a simple amino acid substitution in the EPSPS enzyme expressed in the resistant biotype contributes to the underlying basis for resistance. This is the first report to our knowledge for a glyphosate resistance mechanism involving an altered EPSPS enzyme to have evolved in any plant species.
RESULTS AND DISCUSSION

EPSPS Expression Levels and Genomic Characterization of the Sensitive (S) and Resistant (R) Goosegrass Biotypes
To examine the possibility that the glyphosate resistance mechanism of goosegrass involves overexpression of EPSPS, both enzyme-specific activity and steady-state mRNA accumulation levels were determined for (R) and (S) biotype individuals (Fig. 1, a  and b) . Because target site overexpression could potentially involve differences in basal expression levels as well as differences in the capacity to respond to herbicide challenge via feedback regulation, both possibilities were examined. Two clones each were first generated from representative (R) and (S) individuals by removing approximately 10 to 20 tillers and subtending root mass from mature plants, which were then repotted. All clones were then subjected to (a) sublethal glyphosate spray applications equivalent to 0.5 kg a.e. ha-1 for (S) clones, and 2.0 kg a.e. ha-1 for (R) clones. Crown tissues, which contained the highest levels of extractable EPSPS activity among tissues examined (data not shown), were then harvested at t = 0 and t = 48 h postapplication for analysis. In addition, control experiments involving clones generated from both biotypes were performed using surfactant-only treatments to ensure that any differences observed were not due to abiotic stress imposed by the surfactant or other variables not specific to glyphosate-treated plants (not shown). The comparison of EPSPS activity levels between the two biotypes indicated that resistance was not associated with target enzyme overexpression (Fig.  la) . In fact, basal activity levels (t = 0 h) appeared slightly higher (approximately 35%) in the (S) biotype as compared with the (R) biotype. In response to sublethal glyphosate applications, significant increases in EPSPS activity levels were observed in both biotypes at t = 48 h. The fold induction observed was similar for (S) and (R) individuals, increasing approximately 4-fold in (S) plants and slightly less than 3-fold in the (R) biotype. Collectively, these results indicate that the resistance phenotype is not associated with increased levels of either basal or glyphosate-induced EPSPS activity.
Northern analyses were also performed using the same crown tissue samples analyzed for determining EPSPS enzyme activity levels (Fig. lb) . Total cellular RNAs were prepared from five (S) and five (R) individuals (S1-S5 and R1-R5, Fig. lb) , then probed using a radiolabeled L. rigidum EPSPS cDNA (see "Materials and Methods"). As was the case for enzyme activity levels, these data did not indicate elevated basal or glyphosate-induced EPSPS steady-state mRNA levels in the (R) as compared with the (S) biotype. Although basal (t = 0 h) mRNA levels were slightly higher in the (R) plants analyzed for this study, this was not observed in all cases. Increases in EPSPS mRNA levels were seen for both biotypes 48 h after exposure to glyphosate; however, overall levels were similar in (R) and (S) individuals.
Because specific amplification of EPSPS genes has frequently been associated with resistance to glyphosate in selected cell lines (e.g. Shah et al., 1986; Suh et al., 1993; Jones et al., 1996) , Southern analyses were also performed using genomic DNAs isolated from five (S) and five (R) individuals (Fig. 2) . In all individuals analyzed, the data indicate that the EPSPS gene families from the two biotypes are of similar complexity, comprising either small gene families or possibly a single gene (Fig. 2) . In particular, the data generated from SspI and ScaI digests are consistent with EPSPS being represented by a single locus in goosegrass, with two alleles segregating within the (S) population. This is also consistent with the data generated from SphI digests, which reveal EPSPS-related polymorphisms among different (5) individuals, but not (R) individuals. Furthermore, the lack of detectable polymorphisms from ScaI digests allows for unambiguous comparison of (R) and (S) plants, revealing that the two biotypes contain identical EPSPS gene copy numbers. 
Comparison of EPSPS Sensitivity to
Comparison of EPSPS cDNAs for the (S) and (R) Goosegrass Biotypes
To examine the molecular basis for the differential glyphosate sensitivity of the activities detected in crude extracts (Fig. 3) , EPSPS cDNAs were isolated from both biotypes by reverse transcriptase (RT)-PCR, then compared by sequence analysis (Fig. 4) To minimize ambiguity due to potential thermostable polymerase-induced errors, RT-PCR products were cloned from multiple, pooled reactions, then clones were randomly selected for sequence analysis. In addition, a proofreading polymerase mixture was used for all amplifications. Single nucleotide polymorphisms within a biotype that occurred in only one of the 20 clones analyzed were not included because these could potentially have arisen during amplification. Twenty clones were sequenced for each biotype and the comparison is summarized in Figure 4 .
Four single-nucleotide differences were identified between the (R) and (S) biotype, which were consistent among all the cDNAs analyzed. No other polymorphisms were detected that occurred in more than one clone, indicating that a single mRNA species predominates in goosegrass crown tissues. Two of the nucleotide differences detected, A225 ( 
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Differential Growth Response to Glyphosate of Escherichia coli aroA-Cells Expressing the (R) or (S) Biotype EPSPS
To determine if the EPSPS enzyme from the (R) biotype is able to confer glyphosate resistance in intact cells, liquid phase growth assays were utilized to directly compare the effects of glyphosate on E. coli transformants expressing the (R) or (S) EPSPS. To generate expression cassettes, the remainder of the mature EPSPS coding sequence from goosegrass was first determined using 5'-and 3'-RACE, and RT-PCR (Fig. 4 ; see also "Materials and Methods"). Genespecific primers were designed based on sequence data obtained from the initial RT-PCR products (described above), then the remainder of the mature protein sequence was deduced from the resulting 5'-and 3'-RACE products. The high degree of sequence identity observed between goosegrass and corn EPSPS (Lebrun et al., 1997) allowed for the identification of a homologous Ala residue as the putative N terminus for the mature goosegrass enzyme. Two oligonucleotides were then designed for additional RT-PCR reactions (EiLFT1 and EiRT1; Fig. 4) , which generated products from both the (R) and (S) biotype cDNA preparations suitable for direct cloning into the PIac-based E. coli expression vector pMON45337 (Fig. 5) . To ensure accuracy of the cloned sequences, RT-PCR products were generated using a proofreading thermostable polymerase mixture, then cloned from multiple, pooled reactions. The resulting E. coli expression constructs, pMON45364 and pMON45365 (Fig. 5) , contain the predicted mature EPSPS open reading frames from the (R) and (S) biotypes, respectively (preceded by an ATG start codon), controlled by the native promoter and operator sequences of the E. coli lac operon. Both plasmids were subsequently transferred into an E. coli aroA-host deficient in EPSPS activity (SR481; Padgette et al., 1987) .
Fresh overnight cultures of SR481 cells harboring pMON45364 (R-EPSPS) and pMON45365 (S-EPSPS) were used to inoculate culture tubes containing minimal media supplemented with ampicillin, isopropylthio-,3-galactoside (IPTG), and either 0, 0.5, 1.5, or 5.0 mm glyphosate. At various time points, aliquots were removed and cell densities were monitored spectrophotometrically. The results of these experiments are shown in Figure 6 . Both the (S) and (R) biotype EPSPS complemented the deficiency in SR481, which normally requires exogenously supplied aromatic amino acids for growth (Fig. 6, a and  b) . In the absence of glyphosate, pMON45364 and pMON45365 transformants both grew to saturation within 32 h. In contrast, cells transformed with an "empty" control plasmid (pMON45337) showed little growth over the entire 48-h time course, and the small increase in cell density that was observed is most likely attributable to aromatic amino acid carryover from the inoculum (see "Materials and Methods"). Cell lines expressing the (S) EPSPS from pMON45365 were extremely sensitive to added glyphosate, and failed to reach saturation in the presence of 0.5 mm glyphosate even after 48 h of incubation at 37?C (Fig. 6a) . The same glyphosate concentrations showed little or no inhibitory effect on pMON45364 transformants expressing the (R) EPSPS enzyme (Fig. 6b) . At 1.5 mm glyphosate concentrations, pMON45365 transformants showed no detectable growth above control levels by 48 h (Fig. 6a) , whereas for pMON45364 transformants, growth above control levels was observable within 28 h, and cultures had reached saturation by the time the 48-h experimental period was completed (Fig. 6b) . Growth was completely inhibited for both cell lines at 5.0 mm glyphosate concentrations. These data indicate that the SR481 cells expressing the EPSPS cDNA isolated from the (R) biotype exhibit greater than 3-fold higher levels of glyphosate resistance than cells expressing the EPSPS cDNA from the (S) biotype. It is interesting to note that the level of resistance conferred by the (R) EPSPS in the present study is on par with greenhouse experiments where approximately 2-to 4-fold higher glyphosate levels were necessary to achieve equivalent weed control for the goosegrass (R) biotype as were necessary for the (S) biotype (Tran et al., 1999) . Taken together, these data provide compelling evidence that the genetic basis for glyphosate resistance in goosegrass involves the resistant EPSPS variant described in this report. (Fig. 5) (Table I ) was approximately 5-fold, similar to the differences observed in crude extracts prepared from (R) and (S) biotype plants (Fig. 3) .
Kinetic Characterization of E. coli-Expressed EPSPS Variants
Glyphosate inhibition of EPSPS is competitive with respect to its substrate PEP (Boocock and Coggins
The Km(app)(PEP) for the (R) EPSPS was determined to be 7.0 AM, which is surprisingly similar (less than 2-fold higher) to the Km(app)(PEP) for the sensitive enzyme. When the corresponding substitution (Pro-106 -> Ser) was made in the wild-type petunia enzyme The kinetic data for the (R) EPSPS single mutation derivatives strongly suggest that the observed differences in substrate and inhibitor affinity between the (R) and (S) EPSPS enzymes can be primarily attributed to the Pro to Ser substitution at position 106 (Table I) . The P106S variant expressed from pMON45370 shows similar K )(PEP) and Ki(app)(glyphosate) values to the (R) EPSPS expressed from pMON45365, and furthermore, the kinetic parameters for the P381L variant from pMON45371 are close to those for the (S) EPSPS enzyme. Using the three-dimensional structure of the E. coli EPSPS/shikimate-3-phosphate/glyphosate ternary complex as a guide (Schonbrunn et al., 2001) , the residue at position 381 would likely reside on the enzyme's outer surface within a turn between two beta-sheets, away from the active site. Thus, it is unlikely to be directly involved in either catalysis, substrate binding, or domain closure (J. Evans, personal communication). Based on these data, the Pro-381 Leu substitution may represent a neutral change in the primary sequence of the (R) enzyme, occurring during an interval in which the two biotypes had evolved in isolation. Determination of the relative catalytic efficiencies using purified enzyme preparations will be required to definitively resolve this question.
Taken together, these studies suggest that an altered EPSPS provides a significant component of the glyphosate resistance mechanism in goosegrass, and represents the first example for target-based resistance to glyphosate occurring in any plant species. The potential for the existence of other factors that contribute to resistance cannot be eliminated at the present time; however, recent studies indicate that metabolic inactivation of glyphosate and differential herbicide uptake or translocation are not associated with this biotype (T.L. Reynolds, unpublished data). Cosegregation of the (R) EPSPS allele with the resistance phenotype as well as the demonstration of monogenic inheritance for this trait will be necessary to demonstrate that the resistant EPSPS is the sole determinant involved. Given that a simple C -* T nucleotide transition in the (R) EPSPS allele could have created a resistant weed, it is surprising that no other biotypes have evolved with an altered EPSPS enzyme, and that Arabidopsis screens employing the mutagen EMS have been unsuccessful in recovering glyphosate-resistant mutants (Haughn and Somerville, 1987; Baerson et al., 1999). GC -> AT transitions are the predominant substitutions caused by EMS (Kreig, 1963) ; thus, the corresponding Pro-106 -> Ser EPSPS substitution would have been an expected outcome from such mutagenesis screens. It is possible that goosegrass may be predisposed to this type of mechanism due to species-specific genetic or physiological characteristics that remain obscure at present.
MATERIALS AND METHODS
Plant Material and Growth Conditions
Seed samples of glyphosate-resistant and susceptible goosegrass (Eleusine indica) biotypes were collected from orchards located in the Jahor region of Malaysia. The orchards from which these biotypes were collected have been treated an average of eight times per year with 0.9 to 1.8 kg a.e. ha-' glyphosate for the past 10 years (Tran et al., 1999) . Plants of both biotypes were greenhouse grown in 10-cm square pots filled with prefertilized potting soil ( EPSPS activity levels of the extracts were determined using a radiometric HPLC-based assay essentially as described by Padgette et al. (1987 Padgette et al. ( , 1988 For IC50 determinations, assays were performed in the presence of glyphosate at concentrations ranging from 0.1 to 100 AM, then inhibition curves and IC50 (inflection point) values were generated from the data by nonlinear regression analysis using the GraFit software package (Leatherbarrow, 1998). The remainder of the 3' end of EPSPS coding regions was generated using the 3-RACE System for Rapid Amplification of cDNA Ends (catalog no. 18373-027, Life Technologies), with the gene-specific oligonucleotide: Ei3'gspl (24 mer) 5'-GTGAAAGCAGAGCATTCTGATAGC-3', per manufacturer's instructions. The resulting 3-RACE products were then gel purified and directly sequenced using internal, gene-specific oligonucleotides.
RT-PCR, 5'-RACE, and 3'-RACE for Isolation of EPSPS Mature Protein Coding Sequences
The remainder of the 5' end of the predicted mature protein coding regions were generated using the SMART RACE cDNA Amplification Kit (catalog no. K1811-1, CLONTECH Laboratories Inc., Palo Alto, CA), using the gene-specific oligonucleotides Ei5'gspl (29 mer) 5'-GGCTGCTGTCAAT-GTCGCATTGCAGTTCC-3' and Ei5'gsp2 (32 mer) 5'-CTCTTTCGCATCCT-TCTCAACTGGGAACTTGC-3', per manufacturer's instructions. First strand cDNAs for 5'-RACE reactions were prepared from 150 ng of poly(A+) mRNA isolated from crown tissues using an Oligotex mRNA Midi Kit (catalog no. 28704, Qiagen Inc.). PCR reactions were conducted as recommended by the manufacturer, except that the Expand High Fidelity PCR System (catalog no. 1732641, Roche Molecular Biochemicals) was used, and dimethyl sulfoxide was included in all reactions at a final concentration of 5% (v/v) to facilitate the amplification of GC-rich sequences. The oligonucleotide Ei5'gspl (described above) was used in primary PCR amplifications, then second round ("nested") amplifications were performed using the oligonucleotide Ei5'gsp2 (described above), with a 1-,uL aliquot of a 1:100 dilution of primary PCR reactions. The resulting 5'-RACE products were then gel purified and directly sequenced using internal, gene-specific oligonucleotides. Sequences generated by RT-PCR, 3'-RACE, and 5'-RACE were assembled into continuous DNA sequences containing the entire open reading frame for the mature goosegrass EPSPS protein using the SEQ-Man II software package (DNASTAR Inc., Madison, WI).
Vector Construction
DNA manipulations and transformations of Escherichia coli were performed according to standard procedures (Sambrook et al., 1989 ). An E. coli, lac promoter-based heterologous expression vector, pMON45337, was employed for the inducible expression of different EPSPS cDNAs. pMON45337 was derived from pMON34610 (Valentin et al., 2000) to facilitate cloning using NdeI. Two complementary oligonucleotides, 346lONdela (79 mer) 5'-GATCTCCTAGGGCTTAATTAATTAAGCACTAGTCACACAGGAGGTAAT-TCATATGGGCATGCAGTACTGGTACCGAGCT-3' and 3461ONdelb (71 mer) 5'-CGGTACCAGTACTGCATGCCCATATGAATTACCTCCTGTGTGACTA-GTGCTTAATTAATFTAAGCCCTAGGA-3', were annealed together, then the resulting double-stranded oligonucleotide was ligated with Sacl-and BglIIdigested pMON34610 DNA, resulting in the plasmid pMON45337.
To generate cDNAs containing the predicted mature EPSPS coding sequences from the (S) and (R) goosegrass biotypes, the oligonucleotides EiRT1 (36 mer) 5'-GCAATTCCATATGGCGGGCGCGGAGGAGGTGGTGCT-3' and EiLFT1 (48 mer) 5'-GACTAGGAATTCTTAGTTCTTTTGACGAAAGTG-CTCAGCACGTCGAAG-3' were employed in RT-PCR reactions using 2 .1T of the first strand cDNAs described above for the initial isolation of (5) and (R) biotype-specific EPSPS coding sequences. Oligonucleotides EiRT1 and EiLFT1 were added in 50-/iL RT-PCR reactions at a final concentration of 0.4 FLM each. PCR amplifications were performed using the Expand High Fidelity PCR System (catalog no. 1 732 641, Roche Molecular Biochemicals) per manufacturer's instructions, using a thermal profile of 94?C for 30 s, then 57?C for 2 min, followed by 75?C for 3 min, for a total of 35 cycles. The resulting PCR products were then gel purified, digested with NdeI and EcoRI, then ligated with NdeI-and EcoRI-digested pMON45337, resulting in the plasmids pMON45364 and pMON45365, which contain the predicted mature protein coding region for goosegrass EPSPS isolated from the (R) and (S) biotype, respectively. To ensure accuracy of the cloned EPSPS sequences, PCR products were pooled from a minimum of three independent RT-PCR reactions before ligation into pMON45337, then five randomly selected isolates per construct were confirmed by DNA sequence analysis.
Two additional constructs, pMON45370 and pMON45371, were derived from pMON45364 using the QuikChange Site-Directed Mutagenesis Kit (catalog no.200518, Stratagene, La Jolla, CA) per manufacturer's instructions. pMON45370 was created from pMON45364 using the complementary mutagenic oligonucleotides EiP106Sa (37 mer) 5'-CGTCGGTCGAGGAAGGACCG-GACTACTGCATTATCAC-3' and EiP106Sb (37 mer) 5'-GTGATAATGCAG-TAGTCCGGTCCTTCCTCGACCGACG-3'. pMON45371 was created by mutagenesis of pMON45364 using the complementary mutagenic oligonucleotides EiP328La (31 mer) 5'-GGAACTGCAATGCGACCATTGACAG-CAGCCG-3' and EiP328Lb (31 mer) 5'-CGGCTGCTGTCAATGGTCGCATTG-CAGTTCC-3'. After mutagenesis, the resulting plasmids were confirmed by DNA sequence analysis.
Heterologous Expression in E. coli
For enzyme kinetic studies, pMON45337, pMON45364, pMON45365, pMON45370, and pMON45371 were all transformed into the E. coli strain SR481, an aroA minus strain which lacks endogenous EPSPS activity (Padgette et al., 1987) . For preparation of bacterial extracts, fresh overnight cultures were grown at 37?C in Terrific Broth (Sambrook et al., 1989) , supplemented with 50 jig mL-1 ampicillin and 100 jig mL-1 each of L-Phe, L-Tyr, and L-Trp. Overnight cultures were used to inoculate large-scale cultures containing the same media at a 1:100 dilution, then grown at 37?C to an optical density at 595 nm of 0.6. IPTG was then added to a final concentration of 1.0 mm, and incubations were continued for an additional 4 h at 37?C. Cells were pelleted by centrifugation at 10,000g for 5 min, then washed twice in ice-cold 0.9% (w/v) NaCl. Cell pellets were flash frozen in liquid nitrogen and stored at -80?C before use. Homogenates were prepared by resuspending 1 g of pelleted cells in 3 mL of extraction buffer, followed by lysis using a French press (model no. J5-598A, American Instrument Co., Silver Springs, MD). Cell debris was subsequently removed by centrifugation at 14,000g for 10 min at 4?C. Supernatants were then desalted using a PD-10 column (catalog no. 17-0851-01, Amersham Pharmacia Biotech Inc., Piscataway, NJ). EPSPS radiometric assays were then performed as described above for plant-derived extracts.
Northern and Southern Analyses
Total RNA was isolated from flash-frozen, pulverized crown tissues as described above. Genomic DNA was extracted from the same material as for RNA isolations, using the Plant DNAzol Reagent (Life Technologies). Approximately 1 g of powdered tissue was mixed with 3.0 mL of Plant DNAzol reagent supplemented with RNase A at a final concentration of 1.0 mg mL-1, then incubated at room temperature for 10 min with gentle shaking. The remainder of the extraction procedure was carried out per manufacturer's instructions, with an additional chloroform:isoamyl alcohol (24:1, v/v) extraction step performed before ethanol precipitation. Restriction endonuclease digestions and northern and Southern blotting procedures were performed according to standard protocols (Sambrook et al., 1989) using a partial Lolium rigidum EPSPS cDNA as the probe (GenBank accession no. AF349754). The integrity of all purified RNA and DNA samples was confirmed by agarose gel electrophoresis, and the concentration and purity of each preparation was determined spectrophotometrically.
E. coli Growth Comparisons
For comparative growth studies, fresh overnight cultures of E. coli SR481 cell lines harboring pMON45337, pMON45364, and pMON45365 were grown in Terrific Broth (Sambrook et al., 1989) , supplemented with 1.0 mM IPTG, 50 ,Lg mL-1 ampicillin, and 100 jig mL-1 each of L-Phe, L-Tyr, and L-Trp, at 37?C. One hundred-microliter aliquots of each overnight culture were then used to inoculate 3.0 mL of M9 minimal media (Sambrook et al., 1989) , supplemented with 50 [kg mL-1 ampicillin, 1.0 mm IPTG, and either 0.0, 0.5, 1.5, or 5.0 mm glyphosate. Before inoculation, optical density measurements at 595 nm were taken on all of the original overnight cultures to confirm similar cell densities. Growth rates were monitored by removing 100-j,L aliquots from each tube at indicated timepoints, then monitoring optical densities at 595 nm.
